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ABSTRACT DNA triple helices offer new perspectives
toward oligonucleotide-directed gene regulation. However, the
poor stability of some of these structures might limit their use
under physiological conditions. Specific ligands can interca-
late into DNA triple helices and stabilize them. Molecular
modeling and thermal denaturation experiments suggest that
benzo[f]pyrido[3,4-b]quinoxaline derivatives intercalate into
triple helices by stacking preferentially with the Hoogsteen-
paired bases. Based on this model, it was predicted that a
benzo[f]quino[3,4-b]quinoxaline derivative, which possesses
an additional aromatic ring, could engage additional stacking
interactions with the pyrimidine strand of the Watson—Crick
double helix upon binding of this pentacyclic ligand to a
triplex structure. This compound was synthesized. Thermal
denaturation experiments and inhibition of restriction en-
zyme cleavage show that this new compound can indeed
stabilize triple helices with great efficiency and specificity
and/or induce triple helix formation under physiological
conditions.

Triple helix formation recently has been the focus of consid-
erable interest because of possible applications in developing
new molecular biology tools as well as therapeutic agents (1),
and because of the possible relevance of H-DNA structures in
biological systems (2). In intermolecular structures, an
oligopyrimidine-oligopurine sequence of DNA duplex is bound
by a third-strand oligonucleotide in the major groove. Two
main types of triple helices have been described, depending on
the orientation of the third strand (3). The first reported
triple-helical complexes involved pyrimidic third strands whose
binding rests on Hoogsteen hydrogen bonds between a T-A
base pair and thymine, and between a C-G base pair and
protonated cytosine (4, 5). The (T,C)-containing oligonucle-
otide binds parallel to the oligopurine strand in the so-called
pyrimidine motif. A second category of triple helices contains
purines in the third strand, which is oriented antiparallel to the
oligopurine strand. C-GXG and T-AXA base triplets are
formed after a reverse Hoogsteen hydrogen bonding scheme
(6, 7). Oligonucleotides containing T and G can also form
triple helices whose orientation depends on base sequence (see
ref. 8 and references therein).

The binding of a third-strand oligonucleotide to a target
DNA duplex generally involves a thermodynamically weaker
interaction than duplex formation itself (9, 10). Exceptions
concern binding of some G-rich oligonucleotides in the purine
motif (11). The requirement for protonation of cytosines in the
pyrimidine motif makes these triple helices marginally stable
at physiological pH. This has led to the design of chemical
modifications that could increase the affinity of the third
strand for its target. These modifications include the use of
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nonnatural bases (see ref. 3 for a review) and N3’ — P5’
phosphoramidate backbone (12), as well as oligonucleotide-
intercalator conjugates (13).

An alternative approach involves using nucleic acid ligands
that selectively stabilize triple helices. For example, ethidium
bromide has been shown to bind and stabilize a triple helix
made of poly(dT)-poly(dA) X poly(dT), which contains only
T-AXT triplets (14). However, this compound poorly stabilizes
(or even destabilizes) the triple helices containing both T"-AXT
and C-GXC+ base triplets, probably as a result of electrostatic
repulsion (15). Benzopyridoindole derivatives (BPI, Fig. 1a)
were the first molecules reported to strongly stabilize this latter
type of triple helices even though they have a preference for
T-AXT stretches (16). Several other intercalators (17-20) as
well as various DNA minor groove ligands (21-23) have also
been shown to bind to DNA triple helices. Intercalators usually
stabilize to a greater extent triple helices containing T-AXT
triplets, whereas minor groove binders usually destabilize
triplexes, except in a particular case where the triple helix
involved an RNA strand (24). Because no structural data are
available on triple helix-ligand complexes, not much is known
about the interactions that direct specific intercalation into
triple helices. BPI derivatives have been shown to intercalate
between T-AXT base triplets by excitation fluorescence en-
ergy transfer from base triplets to ligands (16, 25) and by linear
and circular dichroism (26). By comparing the effects of
various substituents of BPI on triple helix stabilization, mo-
lecular modeling has proposed two models of intercalation for
BePI and BgPI molecules in triple helices (27).

Benzo[f] pyridoquinoxalines (BfPQ, Fig. 1la) were synthe-
sized as analogues of BPI derivatives, in which the indole
nucleus is replaced by a quinoxaline heterocycle (28). These
molecules have been shown to stabilize significantly triple
helices whereas they bind poorly to double helices. In the
present paper, we used experimental data and molecular
modeling to propose a model for intercalation of BPQ mole-
cules in triple helices whereby stacking of the four-aromatic-
ring system involves nearly exclusively the Hoogsteen base
pair. Based on this model, it is predicted that better ligands
could be obtained by increasing stacking interactions with base
triplets. A new family of ligands with a pentacyclic aromatic
ring system was synthesized to optimize stacking interactions
with the Watson strand of triple helices (i.e., the pyrimidine
strand of the underlying double helix). The triple helix-binding
properties of benzo[f]quino[3,4-b]quinoxaline derivatives
(BQQ, Fig. 1a), which fulfill these expectations, are described
in this paper.

MATERIALS AND METHODS

Molecular Modeling. A DNA triplex structure was con-
structed by molecular modeling techniques by using coordi-

Abbreviations: BPI, benzopyridoindole; BfPQ, benzo[f]pyridoqui-
noxalines; BQQ, benzo[f]quino[3,4-b]quinoxaline.
#To whom reprint requests should be addressed.



3592 Biophysics: Escudé et al.

nates that correctly take into account the sugar conformation
of (T,C)-motif triple helices (29). This structure is closer to a
B-form DNA as reported by NMR studies (30, 31) than the
structure previously proposed by Arnott ef al. (32) based on
fiber x-ray diffraction. The JUMNA program allows us to
construct DNA structures according to their helical parame-
ters (33). An intercalation site can be easily created in the
triplex by doubling the rise parameter for two adjacent T-AXT
base triplets (rise = 6.8 A), and subsequently decreasing the
twist parameter between these two triplets from 34 to 16° to
reduce bond distance constraints. Molecular structures for
BfPQ and BQQ (see Fig. la) were constructed by using the
builder module of the INSIGHT 11 package (Molecular Simula-
tions) and minimized by using the discover module. BfPQ and
BQQ derivatives bearing an identical side chain (R, =
NH(CH,)3;NH;) were docked into the triplex intercalation site.
Then, energy minimization was performed to generate con-
formations of lowest energy. Energies were also calculated for
the free ligand molecules and the triplex structure in the
absence of ligand. Interaction energies were then estimated
from these separate calculations. Solvent and counter-ions
were not explicitly included in these calculations. Instead, a
sigmoidal distance-dependent dielectric constant was used,
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FiG. 1. (a) Structure of different triplex-specific ligands shown to
intercalate into triple helices. In the present study, R; = OCHj3 and R»
= NH(CHz)3NHa. (b) Structure of a T-AXT base triplet, with the
names given to the different grooves.
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and each phosphate group was assigned half an electronic
charge.

Thermal Denaturation Experiments. Triple helix stability
was measured by using UV absorption spectroscopy. All
thermal denaturation studies were carried out on a Uvikon 940
spectrophotometer, interfaced to an IBM-AT personal com-
puter for data collection and analysis. Temperature control of
the cell holder was achieved by a Haake DS circulating water
bath. The temperature of the water bath was decreased from
80 to 0°C and then increased back to 80°C at a rate of
0.1°C/min with a Haake PG 20 thermoprogrammer, and the
absorbance at 260 nm was recorded every 10 min.

Inhibition of Dral Restriction Enzyme Cleavage by Oligo-
nucleotides. A plasmid (pLTR-HIV) containing about half of
the HIV proviral genome was used as a substrate for the
restriction enzyme Dral. The Dral digestion of 0.5 ug pLTR-
HIV was performed at 37°C during 10 min with 10 units of
Dral in a pH 7.5 buffer containing 10 mM Tris-HCI, 10 mM
MgCl,, 50 mM NaCl, and 1 mM DTT. The products of the
reaction were loaded on an ethidium bromide-stained agarose
gel (0.8%).

RESULTS

Design of Benzo[f]quino[3,4-b]quinoxaline Ligands. A mo-
lecular modeling method was used previously to propose a
model for the interaction of BPI derivatives with triplex
structures. This model was in agreement with experimental
data obtained with BPI derivatives bearing different amino-
alkylamine side chains (27). This combined computational and
experimental method was used for the related BfPQ deriva-
tives. BfPQ derivatives can be inserted readily into a triplex
intercalation site. Their tetracyclic aromatic ring system pro-
vides reasonably good stacking interactions with base triplets.
The aminoalkyl side chain (R, in Fig. 1a) could be located
either in the Watson-Crick groove or in the Watson—
Hoogsteen groove of the triple helix (see Fig. 1). In contrast
to previous exhaustive studies of BPI derivatives, only a limited
number of BPQ derivatives were synthesized and investigated.
However, a study of the stabilization afforded by the available
compounds indicated that the aminoalkyl side chain plays a
similar role for BPQ and BPI analogues. Therefore, we
propose that, as for their benzo[g]pyridoindole analogues (27)
(see Fig. 1a), the aminoalkyl side chain at position 8 of BfPQ
(Rz in Fig. 1a) is located in the Watson—Crick groove of triple
helices (which corresponds to the minor groove of the target
DNA duplex). The energy-minimized model shows that stack-
ing interactions are rather weak with the pyrimidine strand of
the Watson—-Crick double helix (Watson strand) but strong
with Hoogsteen base pairs (Fig. 2a). This preferred stacking
with the Hoogsteen base pairs suggested that BfPQ could
induce the formation of a Hoogsteen-paired parallel duplex in
the absence of the Watson strand, as previously observed with
BPI derivatives (34). Fig. 3 shows the melting temperature of
the mixture of 5'-AAGAAGAAAAAAGA-3’" and 5'-
TTCTTCTTTTTTCT-3" as a function of pH in the absence
and presence of BfPQ. The pH-independent duplex formed in
the absence of BfPQ corresponds to an antiparallel Watson—
Crick duplex involving the formation of 10 contiguous base
pairs (Fig. 3, complex 2). In contrast, in the presence of BfPQ,
a pH-dependent and more stable complex is observed. This
result indicates that BfPQ, as BPI derivatives, is able to induce
parallel Hoogsteen base pairing between these two oligonu-
cleotides (Fig. 3, complex 1). Complete Hoogsteen base pair-
ing requires protonation of cytosines in the pyrimidine se-
quence, hence the pH-dependent stabilization of the Hoogs-
teen duplex. Therefore, the experimental data support the
model derived from molecular mechanics calculations, in
which BfPQ interacts mainly with the Crick-Hoogsteen base
pairs of the triple helix (Fig. 2a).
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F1G. 2. Energy-minimized models of BfPQ (a) or BQQ (b) intercalated in a triple helix made of Hoogsteen T-AXT base triplets. The planar
ring system is shown stacked with the T-AXT base triplet on its 5" side (with respect to the purine strand) (Upper) and on its 3’ side (Lower). The
Watson strand (pyrimidine strand) is shown in blue, the Crick strand (purine strand) is in red, and the Hoogsteen strand (third strand) is in yellow.
The intercalated molecule is colored using standard colors for each atom (C in green, H in white, N in blue, and O in red).

On the basis of the structure of the intercalated complex of
BfPQ, we reasoned that it should be possible to further
enhance the binding of triplex-specific ligands by increasing
stacking interactions with the Watson strand. This could be
achieved by adding an additional ring adjacent to the pyridine
ring of BfPQ. An energy-minimized model of BQQ derivatives
(Fig. 2b) showed that these molecules could engage better
stacking interactions with both the base triplets adjacent to the
intercalation site (including bases in the Watson strand) than
the parental BfPQ molecules. The synthesis of BQQ deriva-
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F1G.3. Melting temperature as a function of pH for the mixture of
oligonucleotides (1 uM each), which can form either a 14-mer parallel
Hoogsteen duplex in the presence of 15 uM BfPQ (1), or a 10-bp
antiparallel Watson—-Crick duplex in the absence of BfPQ (2). Exper-
iments were carried out in a cacodylate buffer (10 mM) containing 0.1
M NaCl.

tives will be described elsewhere. The BQQ derivative of Fig.
la with Ry = OCHj3 and R, = NH(CH;)3;NH, was compared
with the BfPQ derivative with the same substituents (28) for its
ability to stabilize triple helices.

Stabilization of a (T,C)-Motif Triple Helix by BQQ. The
ability of the newly synthesized BQQ compound to bind
triple-helical DNA was characterized and compared with that
of the related compounds BgPI and BfPQ by means of thermal
denaturation experiments. Stabilization of the triple helix
(Table 1) as well as that of the target duplex was studied by UV
absorption spectroscopy. In this triple-helical system, a 14-mer
oligonucleotide binds to a 26-bp DNA target. This sequence
was already used to study the interactions of benzopyridoin-
dole derivatives (16, 27). The triplex was formed by first mixing
both strands of the duplex at 1.5 uM concentration of each
strand and then adding 1.8 uM of the third strand in a pH 6.2
cacodylate buffer (10 mM) containing 0.1 M NaCl. Usually, a
typical melting curve shows two transitions: the one observed
at a lower temperature corresponds to the triplex-to-duplex
transition (Tm3—?2), whereas the other one at higher temper-
ature is from the duplex-to-single strands transition (Tm?~1).
As previously described, the triplex-to-duplex transition was
not reversible, because of the slow kinetics of triplex forma-
tion, in the absence of any ligand (9). The apparent half-
dissociation temperature obtained upon increasing tempera-
ture at a rate of 0.1°C/min was 18°C. With this rate of heating
and cooling the width (8Tm) of the hysteresis curve was 4°C.
Triple helix-specific ligands were shown to stabilize this triple
helix and abolish the hysteresis phenomenon (16, 27). The
relative stabilization induced by various ligands was estimated
from the difference between the melting temperatures in the
presence of 10 uM of the compound and that of the triplex
alone (ATm, Table 1). The half-dissociation temperature
corresponding to the triplex-to-duplex transition was increased
from 18 to 46°C (ATm3~2 = 28°C) for BgPI and 47°C (ATm3~2
= 29°C) for BfPQ, whereas the Tm of the duplex-to-single-
strands transition was also increased from 58 to 74°C (ATm?~!
= 16°C) for BgPI and 60°C (ATm?~! = 2°C) for BfPQ. In the
presence of BQQ, the melting curve exhibited an unusual
monophasic profile with Tm = 69°C. The absence of any
transition at a lower temperature could imply that either the
triple helix did not form in the presence of BQQ or that the
triplex was so stable in the presence of BQQ that it directly
dissociated into single strands. Fig. 4 shows the first derivatives
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Table 1. Melting temperatures of the triplex and the duplex (sequences shown at the top of Fig. 4)
in the absence and presence of 10 uM BgPI, BfPQ, and BQQ molecules

Tm, +=1°C ATm, °C
Triplex Duplex Triplex Duplex
Ligands Tm3—2 Tm?~! ATm3—2 ATm?~1
None 18 58
BgPI 46 74 +28 +16
BfPQ 47 60 +29 +2
BQQ 69 62 +51 +4

Tm3—2 is the melting temperature for the dissociation of triplex into duplex + thrid strand, except for
the result obtained in the presence of BQQ, in which the triplex dissociates directly into three single
strands. ATm indicates the difference of Tm in the presence and absence of ligands. A(ATm) shows the
difference of ATm for the 14-mer triplex and the 26-bp duplex. Experiments were carried out in a 10 mM
cacodylate buffer (pH 6.2) containing 0.1 M NaCl.

of the thermal denaturation profile of the target duplex in the
presence of increasing concentrations of third-strand oligonu-
cleotide in the presence of 10 uM BQQ. As the ratio of the
third-strand-to-duplex increased from 0 to 1, the intensity of
the peak initially observed in the presence of the duplex alone
was decreased whereas a new peak emerged at a higher
temperature. This experiment confirmed that the monophasic
transition observed at 69°C was due to melting of the triplex
into single strands. Therefore, in the presence of 10 uM BQQ,
a triplex with 14 base triplets has a higher melting temperature
(Tm3~2 = 69°C, ATm3~2 = 51°C) than the 26-bp target DNA
duplex (Tm?>~! = 62°C, ATm?>~! = 4°C) in a pH 6.2 buffer
containing 0.1 M NaCl, whereas the triplex dissociates at 18°C
(40°C lower than that of the 26-bp duplex) in the absence of
BQQ. It should be noted that BQQ not only is the best
triplex-stabilizing ligand investigated until now but also has the
highest triplex vs. duplex specificity (A(ATm) = 47°C).
Inhibition of Restriction Enzyme Cleavage by a Short
(9-mer) Triplex-Forming Oligonucleotide. We further inves-
tigated triplex formation with the HIV 16-bp
oligopyrimidine-oligopurine proviral DNA sequence corre-
sponding to the polypurine tract (PPT) of HIV RNA. The
restriction endonuclease Dral cleaves exactly at the junction of
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F1G. 4. First derivatives of the melting curves for the mixture of a
26-bp duplex with increasing third-strand concentrations in the pres-
ence of 10 uM BQQ (sequences are shown at the top of the figure).
The duplex concentration was 1.5 uM, and the third-strand-to-duplex
ratio was 0:1 (@), 0.33:1 (O), 0.66:1 (m), and 1:1 (O0). Experiments were
carried out in a 10 mM cacodylate buffer (pH 6.2) containing 0.1 M
NaCl.

the triple helix site (5'-TTT | AAA-3") (Fig. 5), and triple
helix formation inhibits DNA cleavage (35). A plasmid (pLTR-
HIV) carrying the 16-bp oligopyrimidine-oligopurine se-
quence was used as a substrate for the Dral enzyme. The
plasmid contains four Dral cleavage sites (Fig. 5a), and a
complete digestion of the plasmid gave four fragments. One
cleavage fragment was too short (19 bp) to be observed on
nondenaturing agarose gels. Inhibition of cleavage at the
junction of the 16-bp sequence should lead to the disappear-

a 19 bp
1

pLTR-HIV

1386 bp Dral

5'-CTTTTTAAAAGAAAAGGGGGGACTG-3"
3'-GAAAAATTTITCTTTTCCCCCCT|GAC=-5"

b Lane 1 2 3 4 5 6 7

3789 bp —>
2403 bp —>
1386 bp —>

692 bp —>

PLTR-HIV (0.51g) + + + + + + +

9TMC (UM) 20 2 2
Acr-9T™C (uM)

BQQ (10 uM) + + o+
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F1G. 5. Inhibition of Dral restriction endonuclease cleavage by
oligonucleotides in the presence of BQQ or BePI. (a) The plasmid
(pLTR-HIV) contains four Dral cleavage sites that generate DNA
fragments of 19, 692, 1,386, and 2,403 bp. One of these four sites
corresponds to the junction of the 16-bp oligopyrimidine-oligopurine
sequence (polypurine tract, PPT) of the HIV-1 provirus contained
within the nef gene. (b) Agarose gel reveals the extent of Dral cleavage
inhibition by showing the decreased 1,386- and 2,403-bp fragments and
the increased 3,789-bp fragment. The intensity of the 692-bp fragment
is not affected. The concentration of oligonucleotides and that of
ligands are indicated (see Materials and Methods for experimental
conditions).
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ance of the 1,386- and 2,403-bp cleavage products and to the
appearance of a 3,789-bp fragment (Fig. 5b). It has been shown
previously that the 16-bp PPT sequence can be targeted by a
15-mer (T,C,G)-containing oligonucleotide (5'-T4s"CT4G¢-3’,
where ™C is 5-methylcytosine) and by a 9-mer (5'-T4s™CT4-3")
(12, 35). Because BQQ ligands are likely to bind to the two A4
tracts of the oligopurine sequence, we chose to assess the
ability of ligand-assisted triple helix formation to interfere with
the cleavage of Dral enzyme with the 9-mer (T,C)-containing
oligonucleotide (9T™C) and its analog with an acridine teth-
ered at the 5’ end (Acr-9T™C). Covalent attachment of
acridine to the 5’ end of the 9-mer raised the Tm value from
8 to 26°C. The Tm3~2 of 9T™C is about 8°C at 1.5 uM
concentration in the absence of ligand and under the condi-
tions of the restriction enzyme assay (pH 7.5). This Tm3~2
value rose to 50°C in the presence of 10 uM BQQ. At 37°C, the
9-mer (9T™C) was not expected to inhibit Dral cleavage. Fig.
5b (lane 1) shows that no inhibition was observed at 20 uM
concentration. Addition of 10 uM BQQ stabilized the complex
sufficiently to observe partial inhibition in the presence of 2
uM of the 9-mer (Fig. 5b, lane 2) (50% inhibition was observed
at about 5 uM of the 9-mer). With the acridine-conjugated
9-mer (Acr-9T™C), partial inhibition was observed with the
presence of 10 uM BQQ at concentrations as low as 0.2 uM
(Fig. 5b, lane 5). At 2 uM, 90% inhibition was obtained
whereas no effect was observed in the absence of BQQ (Fig.
5b, lane 6). The efficiency of Dral inhibition depended on
ligand concentration: the concentration of the oligonucleotide
Acr-9T™C required to achieve 50% inhibition (ICso) raised
from 0.4 to 2 uM when that of BQQ dropped from 10 to 2 uM
(data not shown). Fig. 5b also shows that BQQ is a much more
potent inducer of stable triple helix formation than BePlI,
which is the lead compound in this family of triplex-specific
ligands, because 10 uM BePI failed to prevent Dral cleavage
with 2 uM of 9T™C and Acr-9T™C (Fig. 5b, lanes 3 and 7).

DISCUSSION

Molecular modeling has suggested that BfPQ intercalates
within a triple helix by stacking nearly exclusively with the
Hoogsteen base pair of the base triplets. This mode of binding
should promote the formation of parallel-stranded Hoogsteen-
paired double helices, as experimentally observed. Based on
this model, we have proposed that the extension of the
four-membered ring to a five-membered ring with the appro-
priate shape should optimize stacking interaction with all three
bases of the base triplets adjacent to the intercalation site. The
synthesis of a BQQ derivative has confirmed this prediction.
BQAQ turns out to be the best triplex-stabilizing ligand that has
been described until now. It binds tightly enough to a triplex
with 14 base triplets (Table 1) to increase its melting temper-
ature above that of a 26-bp duplex containing the 14-bp target
sequence. However, the most interesting property is its dis-
crimination between triplex and duplex structures. For the
triplex with 14 base triplets described in Table 1, the triplex-
to-duplex transition (Tm3~?2) is shifted by 51°C whereas the
duplex-to-single-strands transition (Tm?~1) is shifted by 4°C
only. It should be noted that ATm3~2 measures a difference in
binding for triplex vs. duplex structures and not the strength of
binding to the triplex alone. Similarly, ATm?>~! measures a
difference in binding to the duplex vs. single strands. In the
absence of structural data, it is difficult to explain why BQQ
and BfPQ do not bind strongly to double helices in contrast to
BePI and BgPI derivatives. All BPI derivatives have been
shown to self-associate, thus forming dimers and multimers
(36). BfPQ and BQQ derivatives also self-associate. Both the
chemical nature of the ring system and the shape of the
molecule (dictated by pyridoquinoxaline of BfPQ vs. pyrido-
indole of BgPI) play a role in defining the stacking interactions
that these molecules can engage with nucleic acid base pairs

Proc. Natl. Acad. Sci. USA 95 (1998) 3595

and base triplets, whereas electrostatic interactions take place
between the terminal amino group of the side chain, which is
protonated at pH 7, and the Watson—Crick groove of triple
helices or the minor groove of double helices. Molecular
modeling suggests that BfPQ and BQQ intercalate into du-
plexes with their long axis perpendicular to the base pairs.
Therefore, parts of the hydrophobic ring system remain ex-
posed to the solvent, resulting in unfavorable binding energy.
Increased stacking interactions and a lower exposure to the
solvent would make intercalation of these molecules into
triplexes much more favorable.

The design of ligands that bind strongly to triple-helical
structures and have a high discrimination between triplexes
and duplexes opens new possibilities to control gene expres-
sion at the transcriptional level. Intermolecular triple-helical
complexes formed by antigene oligonucleotides with target
oligopyrimidine-oligopurine sequences could be stabilized by
triplex-specific ligands, thereby leading to an enhanced bio-
logical response. Alternatively, intramolecular triple-helical
structures (H-DNA) formed by polypyrimidine-polypurine se-
quences presenting a mirror symmetry could be induced by
triplex-specific ligands and stabilized even under conditions
where they would be converted back to a double helix during
physiological processes. Experiments are underway to inves-
tigate these possibilities.
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